Several surface modification technologies are typically applied to improve the mechanical properties of the material surface of structural components subjected to severe conditions of load, wear and chemical erosion of the surface. The nitrocarburizing and post-oxidation heat treatment, also known as quench-polish-quench (QPQ), improves the fatigue, wear and corrosion resistance properties of the material, since it increases the surface hardness and generates surface compressive residual stresses. In the present contribution, the effects of the salt bath nitrocarburizing and postoxidation heat treatment on the static and fatigue behaviours of 39NiCrMo3 construction steel have been investigated by experimentally testing plain as well as notched specimens. For comparison purposes, 39NiCrMo3 construction steel, both untreated and treated, and X5CrNiCuNb 16-4 stainless steel have been tested. First, the microstructure of the untreated and treated steel has been identified by metallographic analysis; micro-hardness measurements have been collected and residual stresses profiles have been obtained by using the X-ray diffraction technique. Then, experimental static and fatigue tests have been performed. Finally, the fracture surfaces have been analysed to locate fatigue crack nucleation sites.
Introduction
In the last decades, several surface treatments and coatings [1] [2] [3] [4] have been developed for mechanical components facing severe in-service conditions in terms of load, wear, and chemical corrosion, such as gears, crankshafts, extrusion and forging dies, valves and springs. Surface treatments can be classified in mechanical (e.g., shot peening and deep rolling), thermal (e.g., quenching and tempering) and diffusion (e.g., carburizing, nitriding, carbonitriding and nitrocarburizing), while coatings may involve metalling or non-metallic protective paints. Among the available surface treatments, the nitrocarburizing is widely applied to components made of ferrous alloys to enhance wear as well as corrosion resistance and fatigue strength. Essentially, this treatment increases the surface hardness and generates a compressive residual stress state on the surface of the component. It can be applied by means of three different media: gas, liquid and plasma [5] [6] [7] [8] [9] [10] . The liquid nitrocarburizing in salt bath has been widely employed in industry since the 1940s; however, this method had a major issue related to toxicity of the cyanide-cyanate salt, which was solved in 1970 [11] by adopting a nontoxic cyanate-bearing bath. Later on, in the 1980s, an advanced salt bath heat treatment, given by the combination of nitrocarburizing and post-oxidation, known also as quench-polish-quench (QPQ) treatment, has been proposed and, then, widely employed in industrial applications, since it was demonstrated that the additional process of post-oxidation after nitrocarburizing further enhances the mechanical properties of the treated materials [12] [13] [14] [15] [16] [17] [18] .
The improvement of fatigue strength after the nitrocarburizing treatment is mainly due to the appearance of surface compressive residual stresses [6, 10] . Strictly speaking, dealing with conventional materials, fatigue cracks mostly initiated at the surface of the structural components due to slip deformation of crystals or surface defects. On the other hand, concerning surface hardened materials, cracks can still initiate and propagate at the surface; however, if the increased hardness and the compressive surface residual stress state are sufficient to prevent surface crack initiation and subsequent propagation, then the crack initiation location can be shifted from the outer surface into the core of the component at internal defects. Therefore, the fatigue failure phenomenon can highlight a competition between surface and internal cracks, one of which eventually being dominant for the final failure [19] [20] [21] . As a result, it is well known in the literature that the fatigue curves of highstrength or surface hardened steels can be modelled as 'stepwise curves', resulting from the superposition of two curves [22] [23] [24] : one relevant to surface-initiated failure, and the other one relevant to internal-initiated failure. In some cases, the 'stepwise fatigue curves' show a marked transition between the two curves, which represents the so-called fatigue limit relevant to the surfaceinitiated failure. It is worth noting that the internal-induced failure typically occurs in the very-highcycle fatigue regime (VHCF) [23, 25] , i.e., for fatigue lives in the range between 10 7 and 10 9 cycles. However, the surface hardening can shift the transition between surface-induced and internalinduced fatigue failure in the medium-cycle fatigue regime, i.e., between 10 4 and 10 5 cycles [10, 24] .
In previous contributions, several authors have analysed the effect of nitrocarburizing on the fatigue limit of the plain material [26] [27] [28] [29] [30] [31] , while only few contributions [10, 24] have been devoted to investigating the effect of nitrocarburizing on the medium-high cycle fatigue regime, considering both plain and notched specimens. Moreover, the effects of the combination of salt bath nitrocarburization and post-oxidation, i.e., QPQ treatment, have been mainly analysed from the point of view of microstructure, hardness, wear and corrosion resistance [14] [15] [16] [17] [18] 32] , while the effects of QPQ treatment on the fatigue behaviour have been investigated in detail only for some steel categories, such as carbon steels [33] [34] [35] , alloyed steels [36, 37] , tool steel [38] ; and also for ductile cast iron [39] .
In this context, the effects of the salt bath nitrocarburizing and post-oxidation heat treatment on the static and fatigue behaviours of 39NiCrMo3 construction steel have been investigated in present contribution. The 39NiCrMo3 steel is widely adopted in highly stressed components for aircraft, automotive and general engineering applications, such as forged propeller shafts, connecting rods, gear shafts, crankshafts and landing gear components. However, the 39NiCrMo3 steel in the untreated condition is not suitable for structural applications requiring high corrosion resistance, therefore in these cases a proper surface treatment is required. To overcome this issue, a possible solution is the adoption of the QPQ treatment. For comparison purposes, also the X5CrNiCuNb 16-4 stainless steel has been considered in the investigation, since it has both static and fatigue performances similar to those of 39NiCrMo3 steel, but it has also good corrosion resistance, without requiring for a surface treatment. Afterwards, the aims of the present contribution are:
(1) To analyse the microstructure of the untreated and treated 39NiCrMo3 steel by metallographic and SEM analyses and to measure the micro-hardness and surface residual stress profiles.
(2) To carry out experimental static and fatigue tests on plain as well as notched specimens, made of 39NiCrMo3 construction steel, both untreated and treated, and, for comparison purposes, also on specimens made of X5CrNiCuNb 16-4 stainless steel.
(3) To analyse the fracture surfaces of the tested specimens to identify the fatigue crack initiation locations.
Materials and Methods

Materials and Specimen Geometries
The tested materials are a construction steel, i.e., 39NiCrMo3, and a stainless steel, i.e., X5CrNiCuNb 16-4, whose chemical compositions are reported in Table 1 . The specimen geometries, which include plain as well as notched specimens with notch opening angle of 60° and notch tip radius of 1.5 mm, are reported in Figure 1a ,b and c, respectively. 
Salt Bath Nitrocarburization and Post-Oxidation (QPQ) Heat Treatment
The 39NiCrMo3 construction steel has been considered both in the untreated and in the treated conditions. The applied heat treating process, also known as quench-polish-quench (QPQ), mainly consists of the following steps ( Figure 2 ): (i) pre-heating, (ii) nitrocarburizing, (iii) oxidizing, (iv) cooling, (v) polishing and, finally, (vi) post-oxidising. The specimens were preheated at about 350 °C in air and then nitrocarburized in salt bath at about 580 °C. After that the samples have been oxidized and cooled in water; then they were polished and, finally, exposed to further post-oxidation in salt bath at about 350 °C and then cooled in water to room temperature. 
Microstructure and Microhardness
The microstructural analysis has been performed on the polished surface sections of plain as well as notched specimens made of 39NiCrMo3 construction steel in both untreated and treated conditions. The specimens have been etched by a solution composed by 3% of perchloric acid, 10% of butoxyethanol, 73% of ethanol and 9% of water. Leica DRME optical microscope (Leica, Wetzlar, Germany) and Cambridge 440 Scanning Electron Microscope (SEM) (Leica, Wetzlar, Germany) equipped with EDS EDAX microbeam have been employed.
The microhardness Vickers measurements have been performed by a Leitz Durimet microdurimeter (Leitz, Wetzlar, Germany) by applying a 0.5 N load for 15 s.
Surface Residual Stresses
The surface residual stresses have been measured on plain as well as notched specimens made of 39NiCrMo3 construction steel in both untreated and treated conditions by the X-ray diffraction method, therefore all in all four specimens have been measured. Figure 3 reports the measurement point for the case of plain specimens, at which the axial σxx and hoop σzz residual stresses were measured. First, the oxide black layer on the surface of treated specimen has been removed by electrochemical polishing. The sin ψ-method has been applied to measurements performed by the X-ray diffractometer (XRD) GNR Spider X (GNR, Novara, Italy), which adopts a Cr Kα wavelength with an acquisition time of 500 s per ψ angle on 7 ψ-angles in the range −45° < ψ < 45°. According to this technique, a strain is measured from the deformation of the crystal lattice. After that, the residual stress related to this strain is derived assuming a linear elastic material behaviour. 
Static and Fatigue Experiments
Static as well as fatigue experimental tests have been performed on specimens made of 39NiCrMo3 construction steel, both in the untreated and in the treated conditions, and, for comparison purposes, also on specimens made of X5CrNiCuNb 16-4 stainless steel. A MFL axial servo-hydraulic testing machine (Mohr & Federhaff & Losenhausen, MFL, Germany), having a load capacity of 250 kN and being equipped with a MTS TestStar IIm controller (MTS, Eden Prairie, MN, USA), has been adopted.
Tensile static tests have been executed on plain specimens (Figure 1a ) by applying a displacement rate equal to 2 mm/min under displacement control. The uniaxial MTS extensometer (MTS, Eden Prairie, MN, USA) having gauge length of 25 mm has been adopted. Three samples of each material have been tested. The MTS controller acquired the applied load from the load cell of the testing machine and the strain from the extensometer during each static test.
Axial fatigue tests have been performed on plain ( Figure 1b ) as well as notched ( Figure 1c ) specimens by imposing a sinusoidal load cycle under closed-loop load control, by adopting a nominal load ratio R equal to −1 and a frequency f in the range 10-30 Hz as a function of the applied load level. All fatigue tests have been interrupted at specimen complete separation, while run out condition has been defined at 5 × 10 6 cycles. Given the axial load amplitude Fa applied to the specimen, the nominal stress amplitude in the net-section has been calculated from the following expression:
where dnet is the diameter of the specimen net-section, as reported in next Table 5 .
Results
Microstructure
Dealing with plain and notched specimens made of untreated 39NiCrMo3 steel, the microstructure is typical of a tempered steel: Figure 4a ,c and Figure 5a ,c show very fine grains and small particles of carbides obtained after heat treatment performed on the quenched steel at a temperature close to 600 °C. The resulting microstructure is composed by tempered martensite with a fine precipitation of carbides (light particles in Figure 4a and Figure 5a and also in SEM pictures, i.e., Figure 6a ,b). The grain size in the untreated sample, Figure 6a , is between 5 to 8 μm. The QPQ treatment produced a slight growth of carbide particles and a refinement in the structure of the tempered martensite, Figure 6b .
Concerning plain and notched specimens made of treated 39NiCrMo3 steel, Figure 4b and Figure 5b show that the QPQ treatment does not affect the bulk microstructure, which indicates that the tempering temperature was higher than the maximum temperature of the QPQ treatment. On the other hand, Figure 4d and Figure 5d show that treated specimens present a light outer layer with a thickness of about 10 μm and 15 μm (Figure 4d ) for plain and notched specimens, respectively, which is constituted by an external porous layer and an internal compact layer. By comparing optical micrographs (Figure 4d and Figure 5d ) and SEM images (Figure 7a-d) , it can be noted that the relative thickness of the porous layer is higher in the notched specimen than in the plain one. The porous layer is composed by iron nitrides and oxides, which contain small amounts of chromium as shown in the EDS analysis of Figure 8 . The amount of oxides is slightly higher in the notched specimen than in the plain one ( Table 2 ). The compact layer is composed only by iron nitrides which contain a small amount of chromium. It can be observed from the SEM images (Figure 7e-f) that close to the compact layer there are particles of nitrides at the grain boundaries of the tempered martensite, due to the diffusion of nitrogen during the nitrocarburizing treatment. This diffusion zone is evident also in the optical microscope images (Figure 4d and Figure 5d ) and its thickness is about 150 μm in the plain sample and about 100 μm in the notched sample. Table 2 . Figure 1b ) and notched specimen (Figure 1c ).
Microhardness
The microhardness profiles obtained from the cross-section of plain as well as notched specimens made of 39NiCrMo3 in the untreated and treated conditions are shown in Figure 9 . The effective depth of the QPQ treatment has been defined as the thickness of the region close to the specimen free surface which has a microhardness 100 HV greater than that of the core. Figure 9a shows that in plain specimens the effective depth of the QPQ treatment is about 150 μm, the hardness being maximum and equal to about 730 HV at the outer layer, while it equals 350 HV at the core. On the other hand, Figure 9b shows that in notched specimens, the effective depth is more reduced and equal to about 100 μm; the hardness is maximum and equal to about 600 HV at the outer layer, while it equals 320 HV at the core. It is worth noting that the hardness at the core of treated specimens remains almost the same as the hardness of the untreated specimens. 
Surface Residual Stresses
The axial σxx and hoop σzz surface residual stresses measured on the untreated and treated specimens have been reported in Table 3 . It can be observed that the untreated specimens, both plain and notched, have compressive residual stresses in axial as well as hoop directions, their values being (−267) and (−130) MPa for plain specimens and (−48) and (−27) MPa for notched specimens. Therefore, residual stresses are about an order of magnitude higher in the case of plain specimens as compared to notched specimens. After the QPQ treatment, surface residual stresses became even more compressive, since they result about (−400) MPa in axial as well as hoop directions for both plain and notched specimens. Table 3 . Summary of residual stress measurement by the X-ray diffraction method (see Figure 3 ).
Material
Specimen Geometry * σxx Figure 10 reports some examples of fracture surfaces generated by static testing plain specimens (Figure 1a ). It can be observed that the untreated 39NiCrMo3 steel and the X5CrNiCuNb 16-4 stainless steel exhibited cup-cone fracture surfaces, which are typical of ductile materials, the coneside being reported in Figure 10a ,c, respectively. On the other hand, the 39NiCrMo3 steel after QPQ treatment exhibited an almost flat fracture surface, see Figure 10b , which is typical of brittle materials. Tensile engineering stress-strain curves obtained from the static tests of three samples for each material, namely untreated and treated 39NiCrMo3 steel and X5CrNiCuNb 16-4 stainless steel, have been reported in Figure 11a -c, respectively, while Figure 11d reports a comparison between the stress-strain curves of the considered materials. The average mechanical properties obtained from the tensile tests are reported in Table 4 . As a result, the Young's modulus E equals about 206,000 MPa and 190,000 MPa for construction steel and stainless steel, respectively; the proof stressσp,02 is about equal to 1000 MPa for all considered steels, the ultimate tensile strength σR is in the range 1117-1168 for the construction steel and equal to 1030 MPa for the stainless steel, while the elongation after fracture A% is in the range between 11% and 14%, therefore all values are in good agreement with the nominal values for all tested materials. Moreover, Figure 11a ,b and Table 4 show that the QPQ treatment does not affect the Young's modulus, the proof stress and the ultimate tensile strength, while it reduces the elongation after fracture from 14%, for the untreated steel, to 11%, for the treated steel, as previously observed from the comparison of the fracture surfaces of Figure 10a * plain specimen (Figure 1a ).
Static Tests: Analysis of Fracture Surfaces and Stress-Strain Curves
Fatigue Tests: Analysis of Fracture Surfaces and Woehler Curves
Figures 12 and Figure 13 report typical fracture surfaces of plain (Figure 1b ) as well as notched (Figure 1c ) specimens, respectively, subjected to axial fatigue loading.
Concerning plain specimens, Figure 12 shows that the untreated 39NiCrMo3 steel and the X5CrNiCuNb 16-4 stainless steel exhibited crack initiation from the surface of the specimens. On the other hand, the QPQ treatment applied to 39NiCrMo3 steel shifted the crack initiation location from the outer surface into the specimen core at internal defects. This is due to the increase of surface microhardness and the presence of high compressive surface residual stresses, which inhibited crack initiation from the surface of the specimens; this phenomenon is reported in the literature dealing with different steels subjected to QPQ treatment [35, 37] .
Dealing with notched specimens, it can be observed that in all tested materials the crack initiated from the notch tip, driven by the dominant notch stress concentration effect. Under high load levels, multiple crack initiation locations have been observed at different angular positions along the notch tip, see Figure 13a ,e. The experimental fatigue results relevant to each material, namely untreated and treated 39NiCrMo3 steel and X5CrNiCuNb 16-4 stainless steel, and expressed in terms of number of cycles to failure Nf as a function of the applied nominal net-section stress amplitude σa,net (Equation (1)) have been reported in Figure 14a ,c, respectively. Figure 14d reports a comparison between the 50%survival-probability fatigue curves of the considered steels. The scatter bands included in Figure 14a c are referred to survival probabilities of 10 and 90% and to a 95% confidence level. The main fatigue test results, i.e., the high-cycle fatigue strengths referred to a survival probability of 50% and 5 million loading cycles and the inverse slope k, have been summarised in Table 5 . Figure 14a shows that the untreated 39NiCrMo3 steel has high-cycle fatigue strengths of 241 MPa and 133 MPa for the plain and notched configuration, respectively, while the inverse slope k and the scatter index Tσ equal about 5 and 1.2, respectively, for both specimen geometries.
Dealing with the treated 39NiCrMo3 steel, Figure 14b reports that high-cycle fatigue strengths are equal to 396 MPa and 319 MPa, the inverse slopes k are equal to 10 and 13 and scatter indexes Tσ are equal to 1.54 and 1.25, for plain and notched specimens, respectively.
Concerning the X5CrNiCuNb 16-4 stainless steel, Figure 14c shows that the high-cycle fatigue strengths are equal to 328 MPa and 205 MPa, the inverse slopes k result 6.40 and 7.54, while the scatter indexes Tσ are equal to 1.22 and 1.23, for plain and notched specimens, respectively.
Finally, Figure 14d highlights that the QPQ treatment applied to 39NiCrMo3 steel has improved the fatigue strength of both plain and notched specimens as compared to the untreated material. This is due to the following phenomena:
(1) The increase of surface microhardness, as it has extensively been discussed by Murakami [40] who derived also an empirical linear dependence between the hardness and the fatigue limit of steels and showed that the higher the hardness, the higher the fatigue strength;
(2) The generation of high compressive surface residual stresses, which tend to close the fatigue crack and then to retard crack propagation [41, 42] , this increases the total fatigue life especially at low load levels, while at high load levels the beneficial effect of compressive residual stresses is less pronounced.
More in detail, the QPQ treatment leads to 65% and 140% increase of the high-cycle fatigue strengths as compared to the untreated material when dealing with plain and notched specimens, respectively. Furthermore, the high-cycle fatigue strength of 39NiCrMo3 steel after QPQ treatment results even higher than that relevant to the stainless steel. *-plain specimen (Figure 1b ) and notched specimen (Figure 1c ). ^-the roughness parameter Ra was measured along a path parallel to the specimen axis. Measurements were performed by using a surface roughness tester (Taylor Hobson precision-Surtronic 25) having a measurement uncertainty of 5%. +-high-cycle fatigue strength referred to a nominal load ratio R = σmin/σmax = −1, a total fatigue life NA = 5 × 10 6 cycles and a survival probability 50%. °-k is the inverse slope of the relevant Woehler curve. 
Conclusions
In the present paper, the effects of the salt bath nitrocarburizing and post-oxidation heat treatment, known also as QPQ, on the static and fatigue behaviours of 39NiCrMo3 construction steel have been investigated. To do this, the microstructure of the untreated and treated 39NiCrMo3 steel have been identified by metallographic and SEM analysis; moreover, the micro-hardness and surface residual stress profiles have been measured. Afterwards, plain as well as notched specimens made of 39NiCrMo3 construction steel, both untreated and treated have been tested under static and fatigue loadings and the fracture surfaces have been analysed. For comparison purposes, X5CrNiCuNb 16-4 stainless steel specimens have been tested and analysed as well. The following conclusions can be drawn:
(1) The QPQ treatment applied to specimens made of 39NiCrMo3 steel generated a surface porous layer having high microhardness and high compressive residual stresses. The hardening mechanism in the treated samples was due to the diffusion of nitrogen and carbon into the steel. During the process, a layer was formed consisting of the outer compound layer (ε-iron nitride) and the diffusion layer thereunder. The outer layer consisted of compounds of iron, nitrogen, carbon and oxygen and did not possess metallic properties. In the diffusion layer, nitrogen and carbon content was higher than in the substrate. Part of these elements remained in solid solution and part of them precipitated into the substrate as carbonitride needles. The increased amount of elements in solid solution and the precipitate contributed to the increase of both hardness and compressive residual stresses in the diffusion layer, which affected both static and fatigue behaviours of the treated material.
(2) Dealing with the static behaviour, the QPQ treatment made the material slightly more brittle: the fracture surfaces changed from the typical cup-cone configuration to a flat surface; moreover, the elongation after fracture reduced from 14%, for the untreated steel, to 11%, for the treated steel.
(3) Concerning the fatigue behaviour, the QPQ treatment shifted the crack initiation location of plain specimens from the surface, for the untreated steel, to the core, for the treated material; while cracks always initiated at the notch tip in notched specimens, regardless the material condition. Furthermore, the QPQ treatment has to an increase of 65% and 140% of the high-cycle fatigue strength as compared to the untreated material, for plain and notched specimens, respectively. This behaviour is due to the increase of surface microhardness and the generation of high compressive surface residual stresses, which tend to close the fatigue crack and then to retard crack propagation: as a result, the total fatigue life is extended especially at low load levels.
(4) The fatigue strength of the treated steel resulted higher than that of the stainless steel. (5) Finally, it has been confirmed that the salt bath nitrocarburizing and post-oxidation heat treatment, enables an improvement in the fatigue behaviour of 39NiCrMo3 construction steel, both in the plain and in the notched configuration, while the static performances remain almost unchanged.
